1. Background {#sec174586}
=============

Diabetes mellitus has been predicted to potentially affect more than 350 million people worldwide by the year 2030 ([@A31737R1]). Both type 1 and type 2 diabetes mellitus are associated with the development of macro- and micro vascular complications such as painful neuropathy. This indicates that hyperglycemia is the primary etiological factor. Thus, the management of hyperglycemia appears to be one of the major therapeutic goals. For instance, the prevention of hyperglycemia and the maintenance of normoglycemia are thought to be of primary importance in reducing the incidence of diabetes-related complications ([@A31737R2]).

Many studies have shown that apelin can act as an antinociceptive factor that participates in the potentiation of opioid signaling ([@A31737R3], [@A31737R4]), and its injection can exert antinociceptive effects on the acetic acid-induced mouse visceral pain model ([@A31737R5]). In addition, research has indicated that apelin plays an eminent role in energy metabolism. Interestingly, recent studies have shown that apelin lowers plasma glucose via increased glucose utilization in fat and muscle tissues ([@A31737R6]), particularly in a type 1 diabetic rat model ([@A31737R7]). Further, apelin and its receptor, APJ, are recently identified multifunctional peptides that have important physiological effects on several homeostatic systems, including blood glucose regulation ([@A31737R6]).

On the other hand, exercise training has been accepted and is generally recognized as a useful non-pharmacological alternative for the management of type 1 diabetes mellitus. Regular physical activity may maintain chronic glycemic control by stimulating muscle glucose uptake ([@A31737R8]), and, thus, it is beneficial in decreasing diabetic complications and positively influencing long-term glycemic control in type 1 diabetes ([@A31737R9]). Additionally, it has been reported that exercise significantly improved selected measures of peripheral nerve function and may positively influence the pathological factors associated with neuropathy by promoting microvascular dilatation, reducing oxidative stress, and increasing neurotrophic factors ([@A31737R10]). The positive effects of exercise training are associated with beneficial changes in various systems such as antioxidant systems, blood pressure, adipogenesis, and inflammation. Various studies have indicated that the positive effects of exercise on pulmonary hypertension ([@A31737R11], [@A31737R12]) and systemic hypertension ([@A31737R13], [@A31737R14]) could be mediated by regulating the apelin/APJ system. We hypothesize that the effects of aerobic exercise training on pain perception in type 1 diabetes mellitus may be attributed to the regulation of apelin. Furthermore, regular exercise training may have some influence on the plasma apelin level. Sheibani et al. reported that, after aerobic exercise, the plasma levels of apelin decreased ([@A31737R15]). In contrast, Kadoglou et al. found that following exercise intervention, there was a significant incremental increase in serum apelin concentrations ([@A31737R16]). These findings suggest that more studies are required in this area.

2. Objectives {#sec174587}
=============

Considering that, until now, no study has been conducted regarding the effects of aerobic exercise training on plasma apelin levels and its relationship to pain threshold in type 1 diabetes, the present study aimed to investigate the effects of aerobic exercise training on plasma apelin levels and pain threshold in type 1 diabetic rats.

3. Materials and Methods {#sec174595}
========================

The present experimental study was conducted in the sports physiology lab of the physical training and sports science faculty at the Bu-Ali Sina university, Hamadan, Iran from May to September 2013.

3.1. Experimental Animals {#sec174588}
-------------------------

A total of 36 male Wistar rats (300 ± 30 g) were used in the present study. They were obtained from the Razi Institute, Tehran, Iran. All protocols were strictly adhered to in accordance with the ethical standards of the national research council's 1996 guide for the care and use of laboratory animals ([@A31737R17]) which was approved by the research ethics committee of the Hamadan University of Medical Sciences (Code: WR.RES.1391.68). The rats were randomly classified into six groups (n = 6 in each group): nondiabetic (ND), diabetic (D), sedentary nondiabetic (SND), sedentary diabetic (SD), exercise nondiabetic (END) and exercise diabetic (ED). The rats were housed in plastic cages (3 rats/cage) under a 12-hour light-dark cycle at 22°C and 60% air humidity in a large, air-conditioned room with controlled temperature, lighting, and humidity with free access to water and rodent pellet chow. The sample size in the present study was calculated using the resource equation method.

3.2. Plasma Analysis {#sec174589}
--------------------

Rats were anesthetized by means of an intraperitoneal (ip) injection of ketamine (75 mg/kg) and xylazine (5 mg/kg). Rats' blood samples (non-fasting) were obtained from the tail vein (1 - 1.5 mL/rat), 3 days after streptozotocin (STZ) treatment for the ND and D groups and 1 day after the last exercise session for the SND, END, SD and ED groups. Blood was collected in ethylenediaminetetraacetic acid (EDTA)-containing tubes and centrifuged at 5,000 rpm for 15 minutes at 4°C. The plasma was separated and frozen at -26°C until analysis. Endogenous plasma apelin was quantified using an Apelin-36 enzyme immunoassay kit (Phoenix Pharmaceuticals, Burlingame, CA, USA) according to the manufacturer's instructions. This kit detects apelin-36 as well as smaller, biologically active isoforms (i.e., Apelin-36, 13, and 12). Each sample was analyzed in duplicate. Absorbance was recorded at 450 nm using an enzyme-linked immunosorbent assay (ELISA) plate reader (Elisys UNO, HUMAN Gesellschaft fur biochemica und diagnostica mbH, Wiesbaden, Germany), and a standard logarithmic curve was plotted and used to calculate apelin concentration in the plasma samples.

3.3. STZ-Induced Diabetes {#sec174590}
-------------------------

After a 1-week acclimatization period, diabetes was induced by a single subcutaneous injection of streptozotocin (STZ) (50 mg/kg), which was dissolved in a citrate buffer solution (0.1 mol/L citric acid, 0.1 mol/L sodium citrate, pH 4.5). A single dose of citrate buffer was injected into the normoglycemic groups. Forty-eight hours after STZ treatment, blood glucose levels were measured to confirm that a hyperglycemic state had been reached. Blood was obtained from a small nick in the tail and measured using a glucometer (Accu-Chek Active, Ireland). Hyperglycemic rats showed blood glucose levels ≥ 300 mg/dL. Plasma glucose levels in the normoglycemic animals remained normal during the study.

3.4. Maximal Exercise Test {#sec174591}
--------------------------

Maximum aerobic capacity was computed by the maximal exercise test. First, all rats were submitted to an adaptation period on a rodent treadmill at a speed of 0.3 km/hour for 15 minutes over three consecutive days. Subsequently, they ran individually at an initial speed of 0.3 km/hour with an increase of 0.3 km/hour every 3 minutes.

3.5. Exercise Training Protocol {#sec174592}
-------------------------------

One week after diabetes induction, animals were submitted to exercise training. Aerobic exercise training, which was designed based on the above description, was performed at low-moderate intensity (\~ 50% maximal running speed of the maximal exercise test) for 1 hour per day (8 am to 9 am), 5 days a week for 10 weeks, with a gradual increase in speed from 0.6 to 1.2 km/hour. Initially, the rats ran for 60 minutes every day at 0.6 km/hour for 3 weeks, then 60 minutes at 0.7, 0.8, 0.9, 1.0, and 1.1 km/hour for the fourth, fifth, sixth, seventh, and eighth weeks, respectively. Finally, they ran for 60 minutes at 1.2 km/hour for the last two weeks of the study (ninth and tenth weeks).

3.6. Tail-flick Test {#sec174593}
--------------------

The nociceptive response was evaluated by recording the latency to tail withdrawal in reaction to noxious skin heating by a tail-flick apparatus (Borj Sanat, Tehran, Iran). The thermal intensity of the tail-flick apparatus was set on degree 35, corresponding to a temperature of 50°C. Furthermore, the cut-off time for maximum latencies was set at 10 seconds to avoid tail tissue damage. The location of tail-flick thermal stimulus was 8 cm from the tip of the tail. Baseline latencies were determined for all groups one day after exercise training.

3.7. Statistical Analysis {#sec174594}
-------------------------

First, normal distribution of the data was tested and confirmed using the Kolmogorov-Smirnov (K--S) test. Using SPSS version 19 to analyze the collected data, a repeated measures analysis of variance (ANOVA) was run. Additionally, a Pearson product-moment correlation was conducted to determine the association between plasma apelin levels and tail-flick latency. Data are presented as means ± SD, and the significance level was set at P \< 0.05. All stages of this study were performed by one researcher, and all measurements and data collection were performed by the same researcher.

4. Results {#sec174600}
==========

4.1. Acute Effect of Diabetes on Plasma Apelin and Pain Threshold {#sec174596}
-----------------------------------------------------------------

The mean plasma apelin level of the D group (0.3 ± 0.01 ng/mL) was significantly higher than that of the ND group (0.1 ± 0.007 ng/mL, P \< 0.0001), the results of which are presented in [Table 1](#tbl44345){ref-type="table"} and [Figure 1](#fig32513){ref-type="fig"}.

In contrast, the tail-flick latency of diabetic animals (2.2 ± 0.12 seconds) was significantly lower compared to that of their non-diabetic counterparts (3.8 ± 0.18 seconds, P \< 0.0001), the results of which are summarized in [Table 1](#tbl44345){ref-type="table"} and [Figure 2](#fig32514){ref-type="fig"}.

###### Plasma Apelin Levels and Tail-Flick Latency in Non-Diabetic and Diabetic Groups (3 Days After STZ Treatment)^[a](#fn47439){ref-type="table-fn"}^

                              Non-Diabetic   Diabetic     T        Df   P Value
  --------------------------- -------------- ------------ -------- ---- ---------
  **Apelin levels, ng/mL**    0.1 ± 0.01     0.3 ± 0.02   -16.90   10   0.000
  **Tail-Flick latency, S**   3.8 ± 0.45     2.2 ± 0.23   7.155    10   0.000

^a^Values are expressed as mean ± SD

![Plasma Apelin Levels (3 Days After STZ Treatment) in Diabetic and Non-Diabetic Animals\
Diabetic vs. non-diabetic, N = 6, t = -16.9,\* P \< 0.0001. Values are expressed as mean ± SD.](ircmj-18-09-31737-i001){#fig32513}

![Tail-Flick Latency (3 Days After STZ Treatment) in Diabetic and Non-Diabetic Animals\
Diabetic vs. non-diabetic, N = 6, t = 7.155, \*P \< 0.0001). Values are expressed as mean ± SD.](ircmj-18-09-31737-i002){#fig32514}

4.2. Effect of Aerobic Exercise Program on Plasma Apelin Levels {#sec174597}
---------------------------------------------------------------

[Table 2](#tbl44346){ref-type="table"} shows the plasma apelin levels of four groups before and after the exercise training program. The results of repeated measures ANOVA indicated that exercise training had significant effects on plasma apelin levels (F \[1--20\] = 296.74, P \< 0.0001). Also, diabetes exerted significant effects on plasma apelin levels (F \[1--20\] = 148.18, P \< 0.0001). Finally, the interaction between the exercise training program and diabetes significantly affected plasma apelin levels (F \[1--20\] = 106.19, P \< 0.0001; [Figure 3](#fig32515){ref-type="fig"}).

###### Plasma Apelin Levels, Tail Flick Latency, and Blood Glucose Levels in Four Groups Before and After the Exercise Training Program^[a](#fn47440){ref-type="table-fn"}^

                              Non-Diabetic                  Diabetic                    
  --------------------------- ----------------------------- ------------- ------------- -------------
                              **Before Exercise Program**                               
  **Apelin Levels, ng/mL**    0.1 ± 0.02                    0.1 ± 0.08    0.3 ± 0.3     0.3 ± 0.38
  **Tail-Flick Latency, S**   3.8 ± 0.45                    3.8 ± 0.40    2.2 ± 0.3     2.2 ± 0.27
  **Glucose Levels, mg/dL**   108 ± 8.5                     108 ± 7.8     371.5 ± 7.8   371.5 ± 8.2
                              **After Exercise Program**                                
  **Apelin Levels, ng/mL**    1.5 ± 0.26                    0.01 ± 0.04   0.48 ± 0.05   0.1 ± 0.02
  **Tail-Flick Latency, S**   2.18 ± 0.45                   3.18 ± 0.21   2.6 ± 0.23    4.3 ± 0.29
  **Glucose Levels, mg/dL**   109 ± 5.3                     85 ± 4.3      421 ± 7.3     335 ± 5.4

^a^Values are expressed as mean ± SD.

![Plasma Apelin Levels in Sedentary (Sedentary Non-Diabetic and Sedentary Diabetic) and exercise (Exercise Non-Diabetic and Exercise Diabetic) Groups, 1 Day After the Last Training Session\
Values are expressed as mean ± SD.](ircmj-18-09-31737-i003){#fig32515}

4.3. Effect of Aerobic Exercise Program on Pain Threshold {#sec174598}
---------------------------------------------------------

[Table 2](#tbl44346){ref-type="table"} also shows the tail-flick latency of four groups before and after the exercise training program. The results of repeated measures ANOVA indicated that the exercise training protocol had no significant effects on tail-flick latency (F \[1-20\] = 1.69, P = 0.208) while diabetes significantly affected tail-flick latency (F \[1--20\] = 7.30, P = 0.014). Finally, the interaction between the exercise training program and diabetes significantly exerted its effects on tail-flick latency (F \[1--20\] = 18.53, P \< 0.0001; [Figure 4](#fig32516){ref-type="fig"}).

![Tail-Flick Latency in Sedentary (Sedentary Non-Diabetic and Sedentary Diabetic) and Exercise (Exercise Non-Diabetic and Exercise Diabetic) Groups, 1 Day After the Last Training Session\
Values are expressed as mean ± SD.](ircmj-18-09-31737-i004){#fig32516}

No statistically significant correlation was found between the blood apelin levels and the tail-flick latency in ED after the exercise training protocol. It was observed that the decrease in plasma apelin levels coincided with an increase in tail-flick latency in type 1 diabetic rats after the exercise training program ([Figure 5A, 5B](#fig32517){ref-type="fig"}).

![Blood Apelin Levels and the Tail-Flick Latency\
A, Decrease in plasma apelin levels and; B, increase in tail-flick latency in the exercise diabetic group compared with the sedentary diabetic group, at the end of exercise training program (1 day after the last training session). Values are expressed as mean ± SD. (\*\*P \< 0.0001).](ircmj-18-09-31737-i005){#fig32517}

4.4. Effect of Aerobic Exercise Program on Blood Glucose {#sec174599}
--------------------------------------------------------

[Table 2](#tbl44346){ref-type="table"} also shows that, after the exercise training protocol in non-diabetic groups, blood glucose levels of exercised animals (85 ± 8.4 mg/dL) were significantly lower compared to that of sedentary animals (109 ± 9.4 mg/dL). Regarding the diabetic groups, blood glucose levels of exercised animals (335 ± 2.3 mg/dL) were significantly lower than that of sedentary animals (421 ± 3 mg/dL, P \< 0.0001), the results of which are presented in [Figure 6](#fig32518){ref-type="fig"}.

![Blood Glucose Levels in Non-Diabetic (Sedentary and Exercise) and Diabetic (Sedentary and Exercise) Groups, 1 Day After the Last Training Session\
Values are expressed as mean ± SD. (\*\*P \< 0.0001).](ircmj-18-09-31737-i006){#fig32518}

5. Discussion {#sec174604}
=============

The available literature states that the positive effects of exercise on diabetes mellitus are associated with beneficial changes in various systems and or hormone secretions. For instance, the significant effect of exercise on hypertension is mediated by regulating apelin ([@A31737R11]-[@A31737R14]). This suggests a relationship between the regulation of apelin and the significant effects of exercise training on the management of type 1 diabetes mellitus (T1DM). The present study showed that an aerobic exercise training program lowered the levels of apelin in both healthy and diabetic groups and, in contrast, elevated the tail-flick latency in the diabetic group.

5.1. Effect of Aerobic Exercise Training Program on Plasma Apelin Levels {#sec174601}
------------------------------------------------------------------------

Several studies have indicated that T1DM influences plasma apelin levels ([@A31737R18], [@A31737R19]). Attempting to fill another gap in the field, the current study investigated plasma apelin concentrations in type 1 diabetic and non-diabetic rats. The findings of the present study showed that plasma apelin levels were higher in type 1 diabetic rats compared with controls. This implies that T1DM increases plasma apelin concentrations. These findings are in agreement with those of Falcao-Pires et al. who evaluated plasma and myocardial apelin concentrations in hypertrophic conditions in the presence or absence of diabetes mellitus. They demonstrated a significant increase in plasma apelin levels and blood glucose levels of diabetic rats ([@A31737R18]). The current study's findings are also confirmed by Meral et al. who found that the circulating apelin levels of children with T1DM significantly increased in comparison with the healthy controls ([@A31737R19]).

It is widely known that the STZ-induced diabetic model is characterized by the destruction of pancreatic β-cells and a consequent decrease in circulating insulin levels. Therefore, the present findings might be explained by considering the apelin levels a compensatory mechanism that increases in order to raise glucose utilization in insulin-lacking hyperglycemic conditions in T1DM ([@A31737R18]).

In the present study, it was also found that, in spite of a significant reduction in body weight (data not shown), plasma apelin levels significantly increased in diabetic rats. These finding are in contrast to those of Boucher et al. who found that obesity increased plasma apelin levels in concordance with body fat content in association with hyperinsulinemia ([@A31737R20]). It is therefore likely that adiposity may not be a major determinant in some conditions and that different mechanisms might be involved in regulating blood apelin concentrations, such as the therapeutic roles of apelin in hyperglycemic conditions of T1DM in certain body organs such as the pancreas ([@A31737R21]) and kidneys ([@A31737R22]-[@A31737R24]). This might be due to the classical model of STZ-induced type 1 diabetes that produces a range of functional and structural changes in rodents. These changes include early development of renal hypertrophy, progressive increases in albuminuria, and changes to the renal ultrastructure, such as mesangial expansion and glomerular basement membrane thickening ([@A31737R2]).

In the present study, it was found that the biggest change in plasma apelin levels occurred between the ND group and the SND group ([Table 1](#tbl44345){ref-type="table"}). This can be justified by taking into consideration that adipose tissue affects apelin synthesis and secretion. These findings are in line with those of Boucher et al. who reported that apelin synthesis and secretion from the adipose tissue were upregulated by insulin. They found that blood apelin levels and their apelin mRNA concentrations in adipocytes increased in concordance with body fat content and hyperinsulinemia ([@A31737R20]).

After the exercise training protocol, while it was found that plasma apelin levels decreased in exercise groups, an increase was observed in the sedentary groups. In other words, aerobic exercise training decreased plasma apelin levels in both diabetic (type 1) and the ND subgroups of the exercise group. In general, this result is well supported by other studies, for instance, Sheibani et al. ([@A31737R15]) and Kadoglou et al. ([@A31737R16]) have found that exercise training may influence plasma apelin levels. Specifically, this result in the present study is in complete agreement with those of Sheibani et al. ([@A31737R15]) who indicated that exercise caused a decrease in plasma apelin levels in obese women. Yet, this result was not confirmed by Kadoglou et al. ([@A31737R16]) whose study showed that exercise could increase the plasma apelin levels of type 2 diabetic patients.

For this reason, researchers have found it necessary to concentrate on these contrasting results in various studies and to justify this decrease in plasma apelin levels by arguing that exercise training might have exerted some significant effects on glycemic control. With regard to the contrast between the findings of this study and those of Kadoglou et al. ([@A31737R16]), it can be argued that the presence of insulin in type 2 diabetic subjects in the latter study and the lack of insulin in the type 1 diabetic model used in the present study might have brought about these different results.

Additionally, the present study showed a significant decrease in both blood glucose levels ([Figure 6](#fig32518){ref-type="fig"}) and plasma apelin levels ([Figure 3](#fig32515){ref-type="fig"}) in type 1 diabetic and non-diabetic rats following the exercise training protocol. Similarly, some studies have shown that exercise training increased glucose utilization in muscle tissue and reduced insulin requirements ([@A31737R25]).

5.2. Effect of Aerobic Exercise Training Program on Pain Threshold {#sec174602}
------------------------------------------------------------------

It was found in this study that the tail-flick latency is lower in type 1 diabetic rats than in controls, indicating that diabetic rats exhibited thermal hyperalgesia. Our findings are well supported by the related literature, which frequently reports that diabetes can increase hypersensitivity to thermal stimulation. For instance, Courteix et al. observed a decrease in thresholds for noxious heat stimuli and the delay for the tail withdrawal which was significantly lower in diabetic rats than in normal rats ([@A31737R26]). Similarly, Ohsawa et al. maintained that activation of protein kinase C in the spinal cord caused thermal hyperalgesia and allodynia in diabetic mice ([@A31737R27]). Furthermore, the activation of protein kinase C resulted in increasing the release of substance P, which led to thermal hyperalgesia and allodynia. Additionally, Kamei et al. found that STZ-induced diabetic mice showed thermal allodynia and hyperalgesia in the tail-flick test ([@A31737R28], [@A31737R29]).

It was observed that tail-flick latency decreased as apelin concentrations rose in STZ-induced diabetic rats before starting the exercise protocol. This finding is justified by considering the fact that hyperglycemia might affect µ-opioid receptors. In this regard, Chen et al. stated that hyperglycemia is demonstrated to be associated with desensitization or decreased functional expression of the µ-opioid receptor ([@A31737R30]) and Lv et al. maintained that the apelin-induced antinociceptive effects were mediated by the µ-opioid receptor ([@A31737R5]).

In the present study, it was found that blood sugar levels of the ED group were significantly lower compared to those of the SD group ([Figure 6](#fig32518){ref-type="fig"}), and hyperalgesia of the ED group was significantly lower than that of the SD group, following the exercise training protocol. Aerobic exercise training had significant effects on glycemic control and hyperalgesia in T1DM. Additionally, it was shown that the exercise training program decreased tail-flick latency in the END group compared to that of the SND group; however, this effect was not statistically significant. A possible explanation is that the exercise intensity used in this study was 50% of maximal aerobic capacity, while 50% intensity of maximal aerobic capacity is not adequate for healthy subjects to show statistically significant changes in pain perception. Higher intensities of exercise (\~75% of maximal aerobic capacity) are needed to elicit exercise-induced analgesia to a pain stimulus ([@A31737R31]). This finding is well confirmed by several studies showing that hyperglycemia is the primary etiologic factor that can trigger many complications in diabetes mellitus ([@A31737R2], [@A31737R32], [@A31737R33]), such as hyperalgesia; in addition, patients with type 1 or type 2 diabetes develop secondary complications, the risk of which is related to the duration of diabetes and the degree of glycemic control.

Exercise training has been accepted and generally recommended for the management of T1DM. Physical activity develops and maintains chronic glycemic control by stimulating muscle glucose uptake ([@A31737R8]). Exercise also improves the selected measures of peripheral nerve function and glycemic control ([@A31737R10]). Rossi et al. have reported that swim training for a long duration reduces thermal hyperalgesia in STZ-induced diabetic female rats ([@A31737R33]).

Patients with diabetes frequently have abnormal perceptions of thermal stimuli, called thermal hyperalgesia. Nociceptive sensitivity was assessed using the tail-flick apparatus. The present study found that tail-flick latency obtained from the ED group was significantly different from those of the SD group after a 10-week aerobic exercise training program. In other words, the diabetes-associated hyperalgesia of the ED group was significantly lower than that of the SD group. These findings are not consistent with those of Chen et al. who indicated that treadmill exercise completely prevented thermal hyperalgesia in 4 weeks, whereas after 8 weeks (day 56) the beneficial effects of treadmill running were progressively decreased ([@A31737R34]). This inconsistency might be due to the exercise protocol duration, which was longer in the present study than in that of the exercise protocol described by Chen et al. ([@A31737R34]). Also, this may be explained by the intensity and duration in each exercise session ([@A31737R25]). In addition, these findings are well supported by the related literature about the effects of exercise on pain perception in diabetes mellitus ([@A31737R10], [@A31737R25], [@A31737R30], [@A31737R34]).

In the present study, no correlation was found between apelin concentrations and the tail-flick latency in the ED group after the exercise training protocol. To the best of our knowledge, this finding has not been found in the related literature and is the first report about the effects of aerobic exercise training on plasma apelin concentrations and the tail-flick latency in type 1 diabetic animals. Finally, based on our study's findings, we speculate that apelin does not play any significant role in regulating the pain threshold in T1DM during exercise training.

5.3. Study Limitations {#sec174603}
----------------------

As in other similar studies, we induced diabetes type I through STZ injection, and, while it is better to induce diabetes type I through transgenic rats, it was impossible for us to do so.
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